Background: Brain dead patients are the main source of organs for transplants. Brain death causes changes in peripheral organs. We define modifications of gene expression in specific pathways occurring in donor livers and their influence on gene expression profile of livers after transplant.
INTRODUCTION
Organs from brain dead donors are the main source for solid organ transplantation. Brain death (BD) is a complex physiological event, defined as an irreversible injury of cerebrum, cerebellum and brain stem and is associated with severe hemodynamic changes, coagulopathies, pulmonary changes, hypothermia and electrolyte imbalances. Hemodynamic instability associated with brain death can contribute to deterioration of peripheral organs. These changes may predispose the graft to increasing ischemia reperfusion injury (IRI) damages during the transplant process, accelerating organ rejection after transplantation [1] . The hemodynamic instability is well recognized as 'autonomic storm', an initial period of excessive parasympathetic activity, which is immediately followed by a sympathetic activation with high *Address correspondence to this author at the Center of Biotechnology "Antonio Cardarelli" Hospital, Padiglione "Y", Via A. Cardarelli, 9, 80131 Naples, Italy; Tel: (+39) 39 39 130 130; Fax: +39 081 747 34 33; E-mail: antonio.faiella@aocardarelli.it † Both authors contributed equally to this work plasma levels of catecholamines, extreme arterial hypertension and tachycardia. During these phases, potential donor grafts undergo a transient period of ischemia [2] . Shock and oxidative injury during the intensive care treatment of the potential donor, followed by brain death, should be regarded as a major risk factor affecting organ viability, post-transplant function and graft survival in organ transplantation, in addition to unavoidable IRI during transplantation procedures. Donor's brain death might cause and promote organ injury altering the immunological and inflammatory status of the graft, increasing both the sensitivity of the organs towards preservation injury and acute rejection following transplantation. Despite this correlation has been experimentally shown, no clinical trials support so far this hypothesis [2] .
In a previous study [3] we have compared gene expression levels in transplanted livers, soon after reperfusion, versus basal gene expression levels, before liver retrieval from the donor. About 800 genes were found dysregulated after transplantation, but we have not analyzed the potential effects of brain death on the gene expression variations.
A very recent study [4] compares gene expression patterns of transplanted livers from living donors with transplanted livers from deceased donors, defining molecular signature of both. The authors focus their attention to the pathways, which show dysregulation in the transplant process both in livers from living donors and from deceased donors; however they do not analyze the basal differences between the grafts from the two groups of donors.
The aim of the present study was to systematically define alterations of gene expression and impairment of specific pathways induced in deceased donor livers when compared to control livers. Based on these alterations an accurate analysis of genes dysregulated in transplanted livers versus control livers was carried out, in order to discriminate between transcriptional changes, due to ischemia reperfusion injuries, and variations possibly caused by brain death and other donor conditions.
We have compared gene expression profile of both deceased donor livers (DL) and transplanted livers (TL) to gene expression data of liver tissue, retrieved from Array Express database, used as control (CL) [3, 5] . This control was a set of livers from sudden death individuals without previous agonal state. Literature data demonstrate that the integrity of mRNA is scarcely affected by sudden death without agonal state. In contrast agonal state preceding death has a substantial effect on gene expression [6, 7] . A very large amount of research studies have been conducted on deceased tissues and also information included in all the databases reporting normal gene expression throughout the tissues [8] is derived from autoptic studies.
The expression of about 900 genes was found dysregulated in DL if compared to controls. This wide gene expression modification clearly affects gene regulation in TL.
The data reported in the present study give new insight to clarify the consequences of brain death and intensive care injuries on the human orthotopic liver transplantation by a molecular point of view, and help us to recognize new therapeutic targets useful to improve orthotopic liver transplantation (OLT) performance.
MATERIALS AND METHODOLOGY

Experimental Design
Gene expression profile of samples from DL and TL was compared to gene expression profile of samples from CL. The choice of sample size was performed by running pvalues of expression data comparisons among groups through the PowerAtlas software [9, 10] . We selected a sample size of '5' per group to obtain an Expected Discovery Rate (EDR) > 40% (63%) and a True Positive Probability (TP) > 80% (98%) (Supplementary file 1) .
Then, five biological replicates per condition were analyzed. All expression data (DL, TL and CL) were obtained by microarray analysis, using Affymetrix gene chip HG-U133 Plus 2. Hybridization data were normalized and quantified using Robust Multiarray Analysis (RMA) software [11] . DL and TL samples were collected as previously described [3] . Briefly, 10 liver biopsies were analyzed: 5 biopsies, from the donors, collected before explantation (DL group); 5 biopsies from the transplant recipients (TL group), collected 2-3 hours after liver reperfusion. Donors were classified as 'standard' according to the criteria of the 'Italian National Transplantation Center'. Particularly, the donors' age ranged from 38 to 83 years, no hypotension, steatosis always less than 15%. Mean cold ischemia time was 8 hours (ranging from seven to ten hours), mean warm ischemia 45 min, mean hospitalization in intensive care unit was 5 days [3] . Expression data of livers, from five healthy individuals who suffered sudden death, were retrieved from Array Express database (SAMPLE ID: E-AFMX-11) [5, 12] and used as control samples. All individuals, 3 males and 2 females, suffered sudden death for reason other than their participation to the study and without any relation to the tissues used. Age was ranging from 27 to 29 and was unknown in 2 cases. Total RNAs, isolated from 200 mg of frozen tissues using the Trizol reagent, were of high and comparable quality as gauged by the ratio of 28S to 18S ribosomal RNAs estimated using the Agilent 2100 Bioanalyzer (range 1.4-1.6) [12] .
In order to validate the use of deceased tissues as controls, we compared our results to a set of expression data from microarray analysis (same technology and experimental conditions) of six liver biopsies from living donors, available very recently from GEO repository [4, 13] (Supplementary file 2).
RNA Extraction, Data Acquisition and Analysis
DL and TL samples were treated as previously described [3] . Array data have been deposited in GEO data base with accession number GSE14951 [14] . Expression data were pre-filtered to reduce noise and discard 'unreliable' genes using the Cross-Gene error model [14] . The analysis of functional clusters was performed on lists of differentially expressed genes for both Gene Ontology (GO) categories and biological pathways. GO functional class scoring was performed using the web-based GOTM software [15, 16] which visualizes differentially expressed genes in the GO context, considering as gene sets all the GO categories for biological processes, molecular functions and cellular components. The list of differentially expressed genes was compared to the complete list of genes spotted on Affymetrix HG-U133 Plus 2 chip, in order to identify GO categories of genes significantly (p < 0.01) more represented in the list of differentially expressed genes than in the reference gene set.
Real-Time Quantitative PCR
Expression values of 26 genes chosen among the most dysregulated genes were checked by RT-PCR. The same batch of total mRNA was used for both microarray and validation experiments in DL and TL. RNAs, from five liver tissue obtained during resection of benign focal lesions, were used as controls in RT-PCR experiments. Two biopsies came from liver resections of two females (24 and 26 aged) suffering by hepatocellular adenoma. Two biopsies came from liver resections of giant hepatic cystis from two male aged respectively 39 and 43. The last biopsy came from a liver of a male suffering by liver hemangioma. cDNA was synthesized Real Time PCR were performed as previously described [3] . PCR reactions were performed in triplicate. The primers (Primm Biotech Products and Services, Milan -Italy) used for amplification are listed in Table 1 . Primer pairs were designed using the Primer 3 software [17] in order to obtain amplicons ranging from 100 and 150 bp, and specifically designed to span introns or cross intron/exon boundaries. Data normalization was performed using GAPDH as housekeeping gene [18] . Experiments were performed twice, in triplicate. The amplification protocol was: 1 cycle of 10 min at 95 °C, 40 cycles of 95 °C for 15 sec, 58-60 °C for 20 sec, 72 °C for 20 sec, plus an extension at 72 °C for 3 min. The relative expression value was calculated with the formula 2
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Statistics
Expression data from different groups were compared using the ANOVA test, with Benjamini and Hochberg false discovery rate as multiple testing corrections. Statistical significance was established at p < 0.01. Genes were considered differentially expressed with a fold change > 1.5 between two conditions. Gene sets were considered enriched with a p < 0.01 when compared to the reference gene list.
Liver biopsies were collected in different hospitals, including the "Liver Transplantation Center" of the "Cardarelli Hospital". All biopsies were obtained with informed consent given according to protocols approved by the Institutional Ethics Committee of the "Antonio Cardarelli Hospital."
RESULTS
The expression of about 33,000 genes, represented on the Affymetrix chip HG-U133 Plus 2, has been evaluated in liver samples from three groups: DL, TL 2 hours after reperfusion, and CL. The groups were compared each other for gene expression. Expression of about 900 genes was dysregulated in DL compared to control ones. Table 2 shows the 40 most up-regulated and the 40 most down-regulated genes. Table 3a and Table 3b report the distribution of the dys- regulated genes in GO biological process categories, showing that apoptosis and stress activated protein kinase activities are the most affected pathways by up-regulated genes (Table 3a) , whereas down-regulated genes are involved in metabolic pathways and electron transport (Table 3b) . At least 30 mitochondrial enzymes, involved in oxidative chain, are from 2 to 5 folds down-regulated, in deceased DL, if compared to CL ( Table 4) . Comparison between TL and CL samples demonstrated that 855 genes were dysregulated in TL versus CL. Condition tree from hierarchical clustering of these genes (Fig. 1) clearly shows that about 1/3 of these genes were already dysregulated in DL if compared to controls: 182 genes, (mainly involved in oxidoreductase, electron transport and metabolic activity), were already down-regulated in DL group versus CL group and 135 genes, (involved in inflammatory pathways and cell adhesion), were already up-regulated in DL group versus CL group.
In conclusion, the present study demonstrated that: 1) 900 genes were dysregulated in DL if compared to controls; 2) 855 genes were dysregulated in TL if compared to CL. At least 400 of these genes were already dysregulated in DL.
A comparison of expression data between biopsies of living donors and livers from sudden death individuals is shown in the supplemental section (Supplementary file 2) .
Briefly, even though 217 genes are differentially expressed with fold change >1.75 and p<0.01 between livers from living donors and livers from deceased subjects (CL) only 54 (63 probe sets) out of these genes are included in the set of 900 genes we found differentially expressed in DL vs. CL.
Quantitative RT-PCR analysis of 26 genes, chosen among the most dysregulated genes, was carried out in order to validate the results of microarray analysis. The RT-PCR experiments confirm the microarray data for these genes. Correlation between quantitative RT-PCR and microarray data was satisfactory for all the tested genes (r > 0.85) ( Table  5) .
DISCUSSION
Clinical studies on humans have shown that allograft from unrelated living donors have better graft function and survival than allograft from deceased donors [19] [20] [21] . This difference could be attributed to the pathophysiological changes derived from brain death and donor condition more than to the influence of cold ischemia times [22] [23] [24] .
In this study we have demonstrated that brain death, together with other factors related to donor condition (shock, intensive care treatment, parenteral nutrition, etc.) causes the dysregulation of at least 900 genes in human liver tissue. The Samples from each group are well clustered together according to the expression level of these genes. The figure shows that many genes (in the lower part of the graphic), differentially expressed between TL and CL, were already dysregulated in the DL. Therefore their dysregulation might be due to brain death more than to ischemia/reperfusion injury. The genes in the upper part of the tree are dysregulated only in TL group both versus CL and DL samples.
Genes were considered differentially expressed with p < 0.01 using ANOVA test with Benjamini and Hochberg false discovery rate correction.
CL=Control livers, DL=Donor livers, TL=Transplanted livers. validation study (Supplementary file 2) demonstrates that 54 of them (6/%) might be affected by the choice of deceased tissues, as they are already dysregulated between CL and living donor tissues. Subtraction of these genes from the set of 900 genes does not affect at all the following considerations about injuries occurring in donor livers. Up-regulated genes are mainly involved in immune response, cytoskeletal remodelling, inflammation, apoptosis and cell adhesion. Down-regulated genes are mostly involved in mitochondrial activities and metabolism, being members of metabolic pathways of aminoacids, such as Gly, Ser and Cys, fatty acids (HNF4alpha) and vitamins. Metabolism might be also affected by starvation and stress, due to a long stay in intensive care unit. Molecular and cellular alterations triggered by brain death itself may significantly alter both early and longterm results of transplantation if compared to organs harvested from living donors [25] .
Apoptosis induction and increased expression of apoptosis related proteins were observed in hepatocytes from brain dead animals [26] . A recent study on molecular changes induced in the heart by brain death [27] , evaluates the variation in the expression levels of 5 genes involved in apoptotic processes: BAX, BCL2, CASP3, Cytochrome C (CYCS) and FAS and one gene induced by hypoxia (HIF1A) concluding that brain death mainly induces the expression of 3 out of these genes: BAX, FAS and CASP3 involved in apoptosis activation. HIF1A is not significantly induced, excluding hypoxic damages. Our results show that BAX and FAS are induced in liver samples from deceased donors. Moreover in our experiments the anti-apoptotic BCL2 gene is induced much more than in the heart as like as HIF1A, indicating that hypoxic injuries are already present in DL.
Our study unraveled that in deceased DL at least 30 mitochondrial enzymes, involved in oxidative chain, are from 2 to 5 fold down-regulated if compared to CL ( Table 4) . It is known that during ischemia oxidative phosphorylation and ATP level decrease producing ischemic damage. The A detailed analysis of 795 genes previously found dysregulated in TL when compared to DL [3] , in the new perspective of the comparison between transplanted and control liver tissues, shows that about 250 genes, mainly involved in angiogenesis, lipid metabolism, growth, cell cycle, were not confirmed as dysregulated in our study when compared to CL (Fig. 2) . For these genes we hypothesize that their dysregulation is due to events related to brain death instead of IRI. However many genes reported as dysregulated in the previous study are dysregulated even when TL are compared to CL: 87 of them were already slightly up-regulated in DL group. These genes are mainly apoptotic regulators, proteolytic enzymes, chemokines, cytokines and stress responsive genes. Ninetythree more genes, down-regulated in DL, are essentially involved in growth, angiogenesis, mitosis initiation, cell cycle regulation and metabolism. We demonstrate that c-FOS and c-JUN are down-regulated by brain death causing inhibition of cell proliferation and VEGF signaling (angiogenesis). This might explain the better graft function and survival of allograft from living donors if compared to The figure shows on the left the expression profiles of 538 genes found dysregulated in a previous study, in TL versus DL, and now confirmed as dysregulated in TL if compared to CL. Detailed analysis of these genes, dysregulated both versus DL and CL, shows three different behaviors:
-358 genes were normoregulated between DL and CL groups; -87 genes were already slightly up-regulated in DL group.
-93 genes were down-regulated in DL group versus CL group and highly up-regulated after transplantation in TL group.
On the right side of the figure are shown expression profiles of 257 genes dysregulated in TL versus DL, but not confirmed as dysregulated in TL when compared to CL.
Genes were considered differentially expressed with p < 0.01 using ANOVA test with Benjamini and Hochberg false discovery rate correction. deceased donors. All these genes are very highly up-regulated after transplantation and reperfusion.
In addition to the genes already found dysregulated in the previous study and confirmed in this study, we found 317 additional genes differentially expressed between TL and CL (Fig. 1) ; these genes were not detected in our previous study [3] because they were already dysregulated in DL, therefore no differences between DL and TL group were detectable. In detail, 135 genes were equally up-regulated in DL and TL group versus controls. They are mainly anti-apoptotic genes, NFKB subunits, BCL2, BCLXL, cell adhesion molecules. 182 genes were equally down-regulated in DL and TL group versus controls. Most of them are involved in fatty acid, glucose and aminoacid metabolism and electron transport activities. Thus, inflammatory processes and oxidative phosphorylation activities are impaired in the liver since the pre-explant period, and continue to be impaired after transplant and reperfusion.
Functional analysis of the remaining genes dysregulated in TL group versus CL group completely confirms the results of our previous study [3] . Many authors agree with the idea that understanding molecular bases of graft failure is crucial to identify therapeutic targets able to improve transplant performance [28] . In this respect, a recent study identifies 78 classifier genes whose dysregulation after liver transplantation is able to predict initial poor graft function (IPGF) [29] . Our study demonstrated that 15 of these genes resulted already dysregulated in DL ( Table 6) ; molecular pathways involved in IPGF might be compromised before the organ is explanted and preventing these mechanisms in the donors possibly results in better graft function.
Recently De Jonge et al. [4] have been carried out in human OLT a study which analyzes the differential gene expression between donor baseline biopsies and postreperfusion biopsies in two groups of liver transplantations: from living donors and from deceased donors. The authors find a large number of genes differentially expressed in both graft types following reperfusion when compared to the pre biopsies, more in the living transplant than in the deceased one. Among the group of genes differentially expressed in post-reperfusion biopsies of both groups they find a significant up-regulation of genes involved in inflammatory and immune processes, both in deceased and in living donor grafts.
CONCLUSIONS
Brain death and intensive care injuries induce stress in DL, affecting liver gene transcriptional profile both in donors and in recipients, and many genes dysregulated in TL versus CL are already dysregulated in DL before transplantation. On these bases we hypothesize that the dysregulation of these genes, mainly involved in inflammatory pathways, cell adhesion and electron transport, might affect graft function and organ survival in OLT. The insight of these mechanisms is crucial for the identification of therapeutic targets, aiming to improve OLT performances.
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